Abstract: Few studies have investigated in vivo changes of the cholinergic basal forebrain in Alzheimer's disease (AD) and amnestic mild cognitive impairment (MCI), an at risk stage of AD. Even less is known about alterations of cortical projecting fiber tracts associated with basal forebrain atrophy. In this study, we determined regional atrophy within the basal forebrain in 21 patients with AD and 16 subjects with MCI compared to 20 healthy elderly subjects using deformation-based morphometry of MRI scans. We assessed effects of basal forebrain atrophy on fiber tracts derived from high-resolution diffusion tensor imaging (DTI) using tract-based spatial statistics. We localized significant effects relative to a map of cholinergic nuclei in MRI standard space as determined from a postmortem brain.
INTRODUCTION
Several postmortem studies have reported loss of cholinergic neurons in the basal forebrain (BF) [Cullen and Halliday, 1998; Geula et al., 2008; Lehericy et al., 1993; Vogels et al., 1990; Whitehouse et al., 1981] and decline of cortical choline-acetyltransferase and cholinesterase activity [GilBea et al., 2005; McGeer et al., 1984; Ruberg et al., 1990] in patients with Alzheimer's disease (AD) compared to nondemented control subjects.
Given the relevance for clinical diagnosis of AD, considerable efforts have been made in recent years to determine in vivo the integrity of the BF cholinergic nuclei by using MRI-based imaging studies. The majority of these nuclei are located ventral to the anterior commissure within the substantia innominata [Mesulam, 1996; Mesulam and Geula, 1988] . The thickness of the substantia innominata was found to be reduced at the level of the anterior commissure in patients with AD compared to healthy control subjects [Hanyu et al., 2002 [Hanyu et al., , 2007 . Automated voxel-based morphometry (VBM) also revealed significant reductions of the substantia innominata in both AD and patients with Lewy bodies dementia, although the pattern of cortical atrophy was markedly different between both clinical populations [Whitwell et al., 2007] . Furthermore, a significantly increased risk to develop dementia was found over 4 years follow-up in cognitively normal subjects with atrophy of the BF at baseline [Hall et al., 2008] . This study points to incipient damage of BF cholinergic structures in the preclinical stages of AD, although information on specific cholinergic nuclei affected within the BF would provide valuable insights into the pathophysiology of early AD.
By using histological sections of postmortem brains and correspondent MRI, two independent studies have located BF changes in areas corresponding to anterior lateral and anterior medial as well as posterior Nucleus basalis of Meynert (NbM) in patients with AD and MCI subjects [Grothe et al., 2009; Teipel et al., 2005] using anatomical maps from postmortem MRI [Heinsen et al., 2006] and newly developed probabilistic, cytoarchitectonic maps of BF magnocellular compartments in MNI space [Zaborszky et al., 2008] .
Impact of cholinergic degeneration on AD not only extends to the cholinergic neurons in the NbM, but also to their fiber systems projecting to cortical input areas. Cholinergic fibers innervating the human cerebral cortex originate mainly from the NbM Ch4 region [Mesulam and Geula, 1988] , and their spatial distribution was determined in one seminal study of postmortem sections [Selden et al., 1998 ]. However, little is known about the distribution of cholinergic fiber tracts in the human brain from in vivo imaging data. Previous studies have visually rated white matter hyperintensities within cholinergic pathways in patients with AD and then related these lesions to changes in cognitive function [Behl et al., 2007; Bocti et al., 2005] , but this approach does not provide information about the topographic distribution of damage within the cholinergic fiber system. Diffusion tensor imaging (DTI) has evolved as a powerful approach to detect and quantify white matter fiber tracts in the human brain [Assaf and Pasternak, 2008; Mori and Zhang, 2006] , which could have further implications to broaden our understanding about the pathophysiology of AD [Teipel et al., 2008] . Fractional anisotropy together with descriptors obtained from tractbased spatial statistics have been used to demonstrate the spatial distribution of fiber tracts and neuronal networks in the living human brain in an unbiased way [Damoiseaux et al., 2009; Stricker et al., 2009] .
This study was aimed at determining (i) atrophic changes in the BF cholinergic nuclei of subjects with MCI and patients with AD, and (ii) whether the subcortical fiber tracts associated with the NbM Ch4 cholinergic nuclei show significant changes. Since the antero-lateral region of the NbM cholinergic nuclei (Ch4al) has consistently been found to be atrophied in two previous studies encompassing independent samples [Grothe et al., 2009; Teipel et al., 2005] , we focused on this region to determine associations between BF atrophy and fiber tract integrity. We combined BF volumetry, mapped in reference to the localization of the cholinergic nuclei in MRI standard space based on postmortem data [Teipel et al., 2005] , with DTI-based detection of fiber tract integrity to determine fiber tracts that were associated with the atrophy of specific cholinergic nuclei in amnestic MCI subjects, and r Teipel et al. r r 1350 r patients with AD. We expect that these data will help us to determine the distribution of cholinergic fiber tracts in the living human brain and will be useful to establish an in vivo marker of the structural integrity and functionality of the BF cholinergic system in AD.
SUBJECTS AND METHODS

Subjects
We examined 21 patients with the clinical diagnosis of probable AD, and 16 subjects with the clinical diagnosis of amnestic MCI. For comparison, we investigated 20 cognitively healthy elderly subjects. Group characteristics are summarized in Table I . The Mini-Mental-State Examination (MMSE) was used to assess the overall level of cognitive impairment [Folstein et al., 1975] .
Clinically probable AD was diagnosed according to NINCDS-ADRDA criteria [McKhann et al., 1984] . Amnestic MCI was diagnosed according to Mayo Clinic Criteria [Petersen, 2004] with subjects showing subjective memory impairment, scoring more than 1.5 standard deviations below the age-and education-adjusted mean in tests of immediate and delayed verbal and nonverbal memory, having unimpaired general cognition and activities of daily living and receiving a Clinical Dementia Rating (CDR) score of 0.5 [Fillenbaum et al., 1996] . Healthy volunteers were spouses of our patients who had no subjective memory complaints, and normal scores in subtests of the CERAD cognitive battery [Berres et al., 2000] , trail making test part A and B , and clock drawing test [Shulman et al., 1986] . All healthy control subjects scored 0 in the CDR rating [Morris, 1993] .
The clinical assessment included detailed medical history, clinical, psychiatric, neurological and neuropsychological examinations (CERAD battery [Berres et al. 2000 ], clock-drawing-test [Shulman et al., 1986] , trail-making test ), and laboratory tests (complete blood count, electrolytes, glucose, blood urea nitrogen, creatinine, liver-associated enzymes, cholesterol, HDL, triglycerides, serum B12, folate, thyroid function tests, coagulation, and serum iron).
Selection of subjects included a semiquantitative rating of T2-weighted MRI scans [Scheltens et al., 1993] . To exclude subjects with significant subcortical cerebrovascular lesions, only subjects were included which had no subcortical white matter hyperintensities exceeding 10 mm in diameter or 3 in number.
The study was approved by the institutional review board of the Medical Faculty of the University of Munich. Written informed consent was obtained in every case before examination.
MRI Acquisition
MRI acquisitions of the brain were conducted with a 3.0-Tesla scanner with parallel imaging capabilities (Magnetom TRIO, Siemens, Erlangen, Germany), maximum gradient strength: 45 mT/m, maximum slew rate: 200 T/m/s, 12 element head coil.
For anatomical reference, a sagittal high-resolution three-dimensional gradient-echo sequence was performed (MPRAGE, field-of-view: 250 mm; spatial resolution: 0.8 Â 0.8 Â 0.8 mm 3 ; repetition time: 2,400 ms; echo time: 3.06 ms; inversion time: 900 ms; flip angle: 20
; number of slices: 160). To identify white matter lesions, a two-dimensional T2-weighted sequence was performed (fluid attenuation inversion recovery FLAIR, field-of-view: 230 mm; repetition time: 9,000 ms; echo time: 117 ms; [Griswold et al., 2002] reconstruction algorithm and an acceleration factor of 2.
Structural MRI Processing
The processing of structural MRI scans was implemented through statistical parametric mapping, SPM5 (Wellcome Dept. of Imaging Neuroscience, London) and in-house written software algorithms in MATLAB 7.1 (Mathworks, Natwick).
Creation of deformation maps
Deformation maps were created according to a protocol that has been described in detail [Teipel et al., 2007a] . First, we constructed a group specific anatomical template for high-dimensional normalization using low-dimensional [Ashburner and Friston, 2000; and high-dimensional normalization with symmetric priors [Ashburner et al., 1999] based on MPRAGE scans. Second, the individual anatomical scans in standard space (after low-dimensional normalization) were normalized to the anatomical template using high-dimensional image warping [Ashburner et al., 1999] . These normalized images were resliced to a final isotropic voxel size of 1 mm 3 . Third, we derived Jacobian determinant maps from the voxel-based transformation tensors. These maps were masked for cerebrospinal fluid (CSF) spaces using masks from the segmented anatomical template . We took the logarithm of the masked maps of the Jacobian determinants [Scahill et al., 2002] and then applied a 4-mm full width at half maximum isotropic Gaussian kernel.
Definition of the substantia innominata volumes
The substantia innominata has no clear anatomical borders at its anterior, posterior, and lateral extent. We followed the experience from our previous study based on postmortem histology and in vivo MRI data [Teipel et al., 2005] , as well as the findings from two previous morphometric studies based on postmortem data [Grinberg and Heinsen, 2007; Halliday et al., 1993] .
We defined for each deformation map two square regions of interest (ROI), one for each cerebral hemisphere, based on the location of the anterior commissure, which forms the boundary of the superior part of the posterior end of the anterior third of the substantia innominata. The ROI extended 25 mm lateral from the midline, 13 mm ventral from the superior edge of the anterior commissure at the midline, and 6 mm anterior and 12 mm posterior from the middle of the anterior commissure, covering a volume of 5,850 mm 3 in each hemisphere. The ROI was aligned to the middle of the anterior commissure in the left-right direction, the middle of the anterior commissure in the anterior-posterior direction, and the superior border of the anterior commissure in cranial-ventral direction.
Postmortem Map
The creation of the localization map of BF cholinergic nuclei in MNI standard space has previously been described [Teipel et al., 2005] . We used this map to relate the group effects in local deformations to the anatomical position of the BF nuclei in MNI space. See Figure 1 for a three-dimensional representation of the anatomical details of the BF cholinergic nuclei determined from the brain of a 29-year-old man [Grinberg and Heinsen, 2007] .
Diffusion Tensor Imaging Analysis
DTI data were analyzed using tract-based spatial statistics (TBSS) v1.2 implemented in FSL 4.1 (FMRIB Analysis Group, Oxford, UK, http://www.fmrib.ox.ac.uk/analysis/ research/tbss) [Smith et al., 2006] . TBSS allows spatial reorientation of fractional anisotropy (FA) maps into standard space without systematic effects of spatial transformation on fiber tract directionality and without the need to select a spatial smoothing kernel that may impact the effects of interest. First, FA images were created by fitting a tensor model to the raw diffusion data using FDT (FMRIB's Diffusion Toolbox integrated in the FSL software), and then brain-extracted using BET (Brain Extraction Tool) [Smith, 2002] . All subjects' FA data were then aligned into a common space using the nonlinear registration tool FNIRT [Andersson et al., 2007a,b] , which uses a b-spline representation of the registration warp field [Rueckert et al., 1999] . Next, the mean FA image was created and thinned to obtain a mean FA skeleton which represents the centers of all tracts common to the group. Each subject's aligned FA data was then projected onto this skeleton and the resulting data fed into voxelwise crosssubject statistics.
Localization
Localization of peak effects was based on the coordinates from the MNI template. We used a nonlinear algorithm provided by Matthew Brett (MRC Cognition and Brain Sciences Unit, Cambridge, UK) [Brett et al., 2002] , to transform MNI into Talairach coordinates. Peak correlations then were identified from the Talairach and Tournoux atlas [Talairach and Tournoux, 1988] based on these coordinates. The effects of BF atrophy on FA values were projected in MNI space (Fig. 4) . To find the corresponding r Teipel et al. r r 1352 r z-coordinate in Talairach-Tournoux space, the original MNI space axial slices were compared to the Talairach and Tournoux atlas and the slice from the atlas that was closest to the given MNI space slice defined the z-coordinate in Talairach-Tournoux space.
Statistical Analysis
Structural MRI data
For statistical analysis we used the general linear model on a voxel basis implemented in SPM5. Regression analysis was only applied to the Jacobian determinant values of voxels within the defined ROI. Prior to regression analysis, Jacobian determinant values were proportionally scaled to the global mean. We only considered significant effects in the negative direction, i.e. decrease of volume relative to controls in patients with AD and subjects with MCI. Because of the relatively small search volume, results were thresholded at an uncorrected P-level <0.01, and an extent threshold of five contiguous voxels was applied. Independent multiple regression models were calculated for the effect of diagnosis (AD or MCI versus controls) and for the effect of diagnosis controlled for age.
Combination of structural MRI with DTI data
We determined the peak location of the group difference between the patients with AD and controls within the Ch4 region in both hemispheres. We regressed the Jacobian determinant values from these two peak locations on the TBSS FA maps using a voxel-based ANCOVA model with diagnosis and Jacobian determinant values as main effects and interaction terms for diagnosis by Jacobian determinant values. We determined the effect of Jacobian determinant values on fiber tract integrity over all three groups controlling for the effect of diagnosis and separately for each diagnostic group (AD, controls, MCI). Statistical significance was determined at P < 0.05, corrected for multiple comparisons using permutation test as implemented in the FSL 4.1 submodule Randomise (FMRIB Analysis Group, Oxford, UK, http://www.fmrib.ox.ac.uk/analysis/ research/tbss) using 500 permutations and threshold-free cluster enhancement.
Figure 1.
Anatomy of the basal forebrain complex. 3D-reconstruction of the basal forebrain complex (BFC-view from anterior) from the brain of a 29-year-old man who had died of pulmonary arrest [Grinberg and Heinsen, 2007] . The BFC is located within the substantia innominata that is delimited by the caudal rim of the ventral striatum, the ventral pallidum, the ventral parts of the internal capsule and the regions medial to the outlines of the anterior commissure. The BCF can be subdivided into four cell groups arranged in an arch-like path mainly beneath the anterior commissure: Ch1 or medial septal nucleus; Ch2 and Ch3 or the nucleus of vertical and horizontal limb of the diagonal band of Broca, respectively; and Ch4 also called as the nucleus basalis of Meynert [Mesulam et al., 1983] . The nucleus subputaminalis, also called Ayala's nucleus, has only been described in the human brain so far [Heinsen et al., 2006; Simic et al., 1999] . The volume of the BFC in the human brain varies from 58 to 154 mm 3 [Grinberg and Heinsen, 2007; Halliday et al., 1993] .
RESULTS
BF Changes Between AD and Healthy Aging
In the right hemisphere (Supp. Info. Fig. S1 and Table SI) a large cluster of reduced volume in patients with AD compared to controls was observed anterior to the anterior commissure overlapping with areas belonging to Ch2, Ch3 and extending to Ch4am as well as most prominently area Ch4al, following Mesulam's nomenclature [Mesulam et al., 1983] . More posterior this cluster overlapped with areas belonging to Ch4i and Ch4p. In addition, there was a cluster located in the globus pallidus. For the left hemisphere effects were less pronounced (Supp. Info. Fig. S1 and Table  SI) . Effects overlapped with Ch2, Ch3, Ch4am, Ch4al. In When the linear model was controlled for age, effects were less pronounced. In the right hemisphere the overlap remained with Ch2, Ch3, Ch4al and Ch4am, and Ch4i (Fig. 2, Table II ). For the left hemisphere, effects remained for Ch4al (Fig. 2, Table II ).
BF Changes Between MCI and Healthy Aging
Effects in MCI were less pronounced than in AD. For the right hemisphere, we found one cluster extending from Ch2 and 3 through Ch4al to Ch4i and Ch4p. In addition, there was a peak in the putamen (Supp. Info. Fig. S2 and Table SII ). For the left hemisphere, there was a cluster in the putamen extending to Ch4al, together with further clusters located in Ch4i and Ch4p. In addition, a small cluster was found at the border of the third ventricle (Supp. Info. Fig. S2 and Table SII) . When the linear model was controlled for age, effects were less pronounced. In the right hemisphere, results remained overlapping with Ch4al, Ch4am, Ch4i, and Ch4p. In addition, there remained a cluster in the putamen (Fig. 3, Table III ). For the left hemisphere, clusters disappeared after age correction at P < 0.01. At a more liberal level of significance with P < 0.05, effects were identical to the findings at P < 0.01 without age correction, overlapping with Ch4al, Ch4i, and Ch4p and including a cluster at the border of the third ventricle (data not shown).
Comparing patients with AD and MCI subjects, for the left hemisphere we found one single cluster of reduced volume in patients with AD compared to MCI subjects corresponding to region Ch2/3 (Talairach-Tournoux x/y/z ¼ À5/6/À8). For the right hemisphere, there was one single cluster located in Ch4am (Talairach-Tournoux x/y/z ¼ 12/4/À10), Supporting Information Figure 3 .
Effect of BF Atrophy on Fiber Tract Integrity
We extracted Jacobian determinant values at the right and left peak location of the Ch4al cluster representing the difference between patients with AD and controls (Talairach and Tournoux coordinates [x/y/z] ¼ [22/4/À7] for the right hemispheric and [À17/5/À7] for the left hemispheric Ch4al peak, respectively, compare Table I and Supp. Info. Table I ). We regressed these values on the TBSS FA maps, after controlling for diagnosis. Across the three groups the right hemispheric peak showed a significant correlation with wide-spread clusters involving intracortical projecting fiber tracts such as corpus callosum, cingulate, superior longitudinal fasciculus, inferior longitudinal fasciculus, inferior fronto-occipital fasciculus, forceps minor, and uncinate fasciculus at P < 0.05, corrected for multiple comparisons (Fig. 4) . Corticofugal fiber systems were spared. These results were almost entirely driven by the effects in the patients with AD, whereas topographic white matter changes in controls were restricted to the anterior corpus callosum and corpus callosum truncus. The MCI group showed no effect of peak Jacobian determinant values on any fiber tract. The left hemispheric peak showed no significant association with fiber tracts. When the regression models were controlled for age and MMSE score, the effects remained essentially unchanged.
DISCUSSION
Here we investigated if volumetric changes in the BF of patients with AD and MCI subjects were accompanied by variations in white matter fiber tracts. By combining BF morphometry with DTI data, we determined the fiber systems that were associated with BF atrophy in NbM Ch4 regions. In the patients with AD, we found significant atrophy in the anteromedial, lateral, and posterior substantia The height threshold was set at P < 0.01, uncorrected for multiple comparisons. The cluster extension, representing the number of contiguous voxels passing the height threshold was set at !5.
Coordinates in bold delineate a cluster and the peak T-value (38 degrees of freedom) within the cluster. Subsequent nonbold coordinates identify further peaks within the same cluster that meet the significance level. Brain regions are indicated by Talairach and Tournoux coordinates, x, y, and z [Talairach and Tournoux, 1988 ]: x, the medial to lateral distance relative to midline (positive ¼ right hemisphere); y, the anterior to posterior distance relative to the anterior commissure (positive ¼ anterior); z, superior to inferior distance relative to the anterior commissure-posterior commissure line (positive ¼ superior). R/ L, right/left; CE, cluster extension, number of contiguous voxels passing the height threshold.
r Basal Forebrain Atrophy in MCI and AD r r 1355 r innominata, matching the localization of cholinergic nuclei Ch2, Ch3, Ch4al, Ch4i, and Ch4p, following Mesulam's nomenclature [Grinberg and Heinsen, 2007; Mesulam et al., 1983] (Fig. 1 for anatomical details) . Effects in MCI subjects were less pronounced than in patients with AD, but occurred in similar localizations. Subjects with MCI showed significant atrophy compared to controls in BF areas including the positions of Ch2, Ch3, Ch4al, Ch4am, and Ch4p. We also found widespread effects of right hemispheric BF atrophy in Ch4al on intracortical projecting fiber tracts that were mainly driven by the AD patients group.
We found significant atrophy in anterolateral, intermediate, and posterior NbM nuclei, as well as in areas of the diagonal band nucleus (Ch2 and Ch3). Effects were more pronounced in the right than the left hemisphere. The effects showed strong overlap with the localization of the BF nuclei as determined from the histological sections and postmortem MRI of the brain of a nondemented elderly woman that had undergone autopsy [Teipel et al., 2005] .These findings agree with those from a previous study in an independent group [Teipel et al., 2005] . Several earlier studies had also described atrophy in the BF but had not mapped the location of changes onto different BF nuclei [Hanyu et al., 2002 [Hanyu et al., , 2007 Muth et al., 2010; Whitwell et al., 2007] .
Amnestic MCI subjects showed significant atrophy in the BF as well. The localization of the effects was similar to those of the patients with AD. Subjects with amnestic MCI have been found to have an increased risk to develop AD (about 20% conversion per year) [Fischer et al., 2007; Lopez et al., 2007; Maioli et al., 2007] . The locations of the effects were comparable to those in a recent study on BF atrophy in an independent sample of MCI subjects [Grothe et al., 2009 ] using a mapping of cholinergic nuclei through a probabilistic BF atlas [Zaborszky et al., 2008] . Taken together these findings in two independent samples suggest that BF changes precede the onset of dementia in at risk subjects. This interpretation is also compatible with the reported reductions of BF in cognitively normal subjects who later developed AD using a voxel-based morphometry approach [Hall et al., 2008] . However, the method used in this earlier study did not differentiate atrophy effects within BF areas.
It is still under debate whether loss of BF cholinergic neurons occurs early in AD. Autopsy studies in human brains found a 68-90% decrease of the number of BF large cholinergic neurons in advanced stages of AD [Vogels et al., 1990; Whitehouse et al., 1981] . These findings agree with the 80% reduction of choline-acetyltransferase activity in the hippocampus and cortex and about 60% decrease of cortical choline-acetyltransferase found in the brains of patients with AD [Bowen et al., 1983; DeKosky et al., 1992] . Postmortem data derived from the religious order study suggest a statistically not significant 20% decline of the number of choline-acetyltransferase positive neurons in MCI subjects and patients with mild AD compared to cognitively intact controls [Gilmor et al., 1999] . However, the study had a small sample size (six controls, seven MCI subjects, and nine patients with AD). On the basis of the reported values, the overall effect size was large with Cohen's f ¼ 1.3 [Cohen, 1988] , suggesting that these effects would reach statistical significance (P < 0.05) if the sample size had been slightly increased. Abnormalities in cortical cholinergic axons and tauopathy of BF cholinergic neurons occurred in subjects as early as in their third decade and increased in frequency in brains of elderly subjects and patients with AD [Geula et al., 2008; Sassin et al., 2000] . However, atrophy of the BF may not only indicate loss of neurons, but also result form neuron shrinkage secondary to lesions to their cortical input areas [Pearson et al., 1983; Vogels et al., 1990] . The atrophic changes in the BF in the MCI group suggest that BF atrophy already occurs in at risk stages of AD, but these effects require further replication in independent samples.
In respect to a potential progression of the atrophy with disease across BF subregions, our findings together with the results of two previous studies in independent samples [Grothe et al., 2009; Teipel et al., 2005] suggest an involvement of Ch4al in AD and MCI. In contrast, Ch4am and Ch2/3 were not consistently involved in MCI and were significantly reduced in AD compared to MCI in our present sample, suggesting that these areas may be later affected in the course of disease. This would suggest a sequence of atrophy from Ch4al to Ch4am and Ch2/3. However, this sequence is based on cross-sectional data and needs further testing in a longitudinal design.
The cholinergic system is widespread throughout the entire cerebrum, involving wide-reaching cortico-petal and intracortical projecting fiber tracts. We determined effects of regional atrophy in Ch4al on fiber tract integrity using voxel-based analysis of DTI derived FA maps. We had selected the Ch4al peak because the Ch4al region has the strongest connections to wide-spread cortical areas in the human brain [Mesulam and Geula, 1988; Selden et al., 1998 ]. In addition, this region has been found to be atrophied already in two previous studies [Grothe et al., 2009; Teipel et al., 2005] and again in the present independent sample so that effects in this region appear to be consistent across samples and scanners. Effects in Ch2/3 and Ch4p were less consistent between the present and the previous studies. For Ch4p this had to be expected due to the high The height threshold was set at P < 0.01, uncorrected for multiple comparisons. The cluster extension, representing the number of contiguous voxels passing the height threshold was set at !5.
Coordinates in bold delineate a cluster and the peak T-value (33 degrees of freedom) within the cluster. Subsequent nonbold coordinates identify further peaks within the same cluster that meet the significance level. Brain regions are indicated by Talairach and Tournoux coordinates, x, y, and z [Talairach and Tournoux, 1988 ]: x, the medial to lateral distance relative to midline (positive ¼ right hemisphere); y, the anterior to posterior distance relative to the anterior commissure (positive ¼ anterior); z, superior to inferior distance relative to the anterior commissure-posterior commissure line (positive ¼ superior). R/L, right/left; CE, cluster extension, number of contiguous voxels passing the height threshold.
r Basal Forebrain Atrophy in MCI and AD r r 1357 r anatomical variability of this region as shown in a previous paper [Zaborszky et al., 2008] . The outline of Ch2 and 3 is not directly comparable between our template which is oriented on the Mesulam nomenclature [Heinsen et al., 2006] and Zaborsky's study who used their own delineation criteria [Zaborszky et al., 2008] . Therefore, we focused Figure 4 . Effects of basal forebrain atrophy on fiber tract integrity. Atrophy effects in right antero-lateral basal forebrain (Ch4al) regressed on DTI-based FA maps of fiber tract integrity determined using TBSS, P < 0.05, corrected for multiple comparisons using permutation test. Effects (red) are projected on a fiber tract template in MNI standard space (green). Axial slices go from MNI (Talairach-Tournoux) coordinate z ¼ À12 to z ¼ 43 (40) and are 5 mm apart in MNI space. A, anterior/P, posterior; L, left/R, right; I, inferior; CC, corpus callosum; CC-G, corpus callosum genu; CC-S, corpus callosum splenium; Cg, cingulate; FM, forceps minor; FMa, forceps major; IFOF, inferior frontooccipital fasciculus; ILF, inferior longitudinal fasciculus; SLF, superior longitudinal fasciculus; UF, uncinate fasciculus.
r Teipel et al. r r 1358 r on Ch4al for correlations with fiber tract integrity. We found significant correlations of right hemispheric atrophy in Ch4al with all major intracortical projecting fiber systems with a sparing of corticofugal fiber tracts. Correlations involved superior and inferior longitudinal fasciculus and inferior fronto-occipital fasciculus, connecting frontal, parietal, temporal, and occipital lobes. In addition, there were effects on the uncinate fasciculus, connecting the prefrontal cortex and inferior temporal cortex, and on a large proportion of the corpus callosum, involving splenium, genu, and truncus areas. This widespread effects generally agree with the wide-spread distribution of cholinergic connections from Ch4al, including dorsal and lateral prefrontal cortex, and the temporal, parietal, and occipital neocortex [Mesulam and Geula, 1988; Selden et al., 1998 ]. Little data are available on commissural cholinergic fibers in the human brain. Previous evidence from rodents suggests that cholinergic fibers run through the corpus callosum [Eckenstein et al., 1988] . Sections of the corpus callosum lead to hypertrophy of BF neurons in both hemispheres in rats [Pearson et al., 1985 [Pearson et al., , 1987 . The only study tracing cholinergic pathways in the human brain was restricted to within hemispheres pathways [Selden et al., 1998 ]. However, levels of choline acetyltransferase were lower in corpus callosum than in cortical brain areas but could consistently be detected in postmortem brains sections from one adult subject [Bull et al., 1970] . Our data agree with the notion from animal studies that the corpus callosum contains a significant amount of cholinergic fiber tracts. In summary, the combination of structural MRI and DTI data demonstrate that the cholinergic BF is integrated in a large neuronal network involving major intracortical association tracts.
Preferential involvement of intracortical projecting tracts has been shown in a range of previous DTI studies in AD [Fellgiebel et al., 2008; Rose et al., 2000; Teipel et al., 2007b] . This is consistent with the involvement of cortical association areas in AD pathology [Braak et al., 1997] . Therefore, the association between basal forebrain atrophy and fiber tract changes may represent a specific effect or rather an unspecific effect from an underlying common disease factor. In favor for a specific effect, the correlation between atrophy and fiber tract changes was independent from cofactors such as age and MMSE score, as measure of disease severity. In addition, we determined correlations between hippocampus atrophy and fiber tract integrity. The hippocampus has consistently been found atrophied in AD [Schroeter et al., 2009] so that it can serve as structural surrogate marker for disease severity. We had determined the peak areas of significant atrophy in AD compared to controls within the right and left hippocampus, respectively, and correlated the grey matter atrophy in these areas with the fiber tract maps. However, there was no significant correlation between hippocampus atrophy and fiber tract integrity, underscoring the specificity of the findings for the BF.
We cannot finally explain the right hemispheric dominance of our effects, both in extent of atrophy and in the effects on fiber tracts. As confirmed by the predominance of the patients with AD in driving the effects, the results rely on the use of AD as a natural lesion model. Patients with AD undergo degeneration of their cholinergic system involving neurons in the BF, their fiber projections and their cortical input neurons. The direction of the effects is the same for both local atrophy and fiber degeneration. Therefore, a correlation between local atrophy and fiber tract integrity can uncover the significant covariance between both changes. In terms of peak T-values the effects of atrophy were more pronounced in the right compared to the left BF. This may suggest different stages of degeneration in both hemispheres that may account for the different effects on fiber tract integrity. Numbers of pre-alpha neurons were significantly lower in the right compared to the left entorhinal region in 22 postmortem brains covering an age range between 18 and 86 years [Heinsen et al., 1994] . The effect of age on neuron numbers was nearly identical in both hemispheres, suggesting that starting with a lower number of neurons effects of age and neurodegeneration may reach a critical threshold earlier in the right than the left entorhinal region. The entorhinal pre-alpha neurons receive strong cholinergic input from the BF [Graham et al., 2003 ]. However, data on left-right asymmetries of neuron numbers in BF cholinergic nuclei are still lacking. Future studies are required to further resolve this question.
Age difference between patients and controls might have influenced between group effects. Several postmortem studies have found that total number of nucleus basalis Meynert neurons in the nineth decade was 20-30% below that in newborns [Lowes-Hummel et al., 1989; Mann et al., 1984; McGeer et al., 1984] . However, within a narrower age-range in adults several studies could not detect significant reductions of neuron numbers [Chui et al., 1984] . This makes it unlikely that the average age difference between groups in our study of 7-9 years is the major cause for the atrophy in the substantia innominata in our subjects. This is further supported by the replication of the peak findings in the lateral substantia innominata after linear effects of age had been taken into account. Since age and diagnosis are highly collinear, the linear model gives a conservative estimate of age-adjusted effects of diagnosis.
A potential limitation in the interpretation of our data is variation of the localization of cholinergic nuclei between subjects. When we compare the localization of our postmortem map that was based on one subject only [Teipel et al., 2005] with a recently published probability map based on 10 postmortem brains [Zaborszky et al., 2008] , the localization of Ch2, Ch3, Ch4 al, Ch4 am, and Chi appears to be nearly identical between our map and the probability map. Only Ch4p appears to be different with a more ventral localization of the Ch4p region in our map compared to the probabilistic map. The Ch4p region, however, showed the highest variability in the probability maps among all subregions so that only few voxels were r Basal Forebrain Atrophy in MCI and AD r r 1359 r common between subjects in the probabilistic map [Zaborszky et al., 2008] .
In summary, our study replicates and extends previous findings on in vivo morphological alterations of the cholinergic system in patients with AD. We further bridged a gap between the integrity of the BF and the cholinergic fibers that innervate the cortical mantle in subjects at high risk for developing AD and patients with AD, suggesting that MRI-based measurement of BF atrophy together with quantitative description of white matter changes may become a valuable in vivo marker for cholinergic neuronal degeneration in AD.
